Abstract. An increasing number of researchers are focusing on the influence of local peptide hormones such as angiotensin II (Ang II) and relaxin 2 (RLN2) in the regulation of inflammation and carcinogenesis. The interaction between the renin-angiotensin system (RAS) and relaxin family peptide system (RFPS) is known to influence the proliferation, adhesion and migration of normal and cancer prostate cell lines. The aim of the present study was to evaluate changes in the expression of nuclear factor-κB subunit 1 (NFKB1), nuclear factor-κB subunit 2 (NFKB2), REL proto-oncogene nuclear factor-κB p65 subunit (REL), RELA proto-oncogene nuclear factor-κB subunit (RELA) and RELB proto-oncogene nuclear factor-κB subunit (RELB) mRNA caused by Ang II and RLN2. The members of NF-kB family are involved in many processes associated with cancer development and metastasis. Reverse transcription-quantitative polymerase chain reaction analysis identified that both peptide hormones have an influence on the relative expression of nuclear factor-κB. Following treatment with either peptide, NFKB1 expression was downregulated in all prostate cancer cell lines (LNCaP, DU-145 and PC3), but not in normal epithelial cells (PNT1A). Conversely, RELB mRNA was enhanced only in non-cancerous prostate cells. RELA expression was strongly stimulated in the most aggressive cell line, whereas REL mRNA was unchanged. In many cases, the effect was strictly dependent on the cell line and/or the type of peptide: Ang II increased expression of both RELA and REL genes in the androgen-dependent cell line while RLN2 enhanced NFKB2 and RELA mRNA in androgen-independent cells (DU-145). Further research is needed to understand the regulation of NF-κB family members by key renin-angiotensin system and RFPS peptides in prostate cancer cells; however, prostate carcinogenesis appears to be influenced by the balance between the cross-regulation of nuclear factor-κB (NF-κB) and androgen receptor pathways by Ang II and relaxin 2.
Introduction
Angiotensin II (Ang II) is an octapeptide hormone best known for its role in the maintenance of blood pressure and water-electrolyte balance, while the most commonly-known function of relaxin 2 (RLN2) is its role in pregnancy and parturition. However, many other features of these peptide hormones have been noted at the tissue level. During the last few decades, an increasing number of studies have implicated Ang II and relaxin 2 as well as other peptide hormones in cancer initiation, progression and metastasis. For example, strong expression has been observed of relaxin 2, the relaxin receptor RXFP1/LGR7, Ang II and angiotensin receptor type 1 in tumor tissue compared to normal prostate or breast tissue (1) (2) (3) (4) . Recent studies of the authors have analyzed the interaction between the rennin-angiotensin system (RAS) and the relaxin family peptide system (RFPS), and their effects on various aspects of prostate cancer development. The findings suggest that the two investigated systems are functionally linked and have an impact on cell growth and proliferation by their partially overlapping signal transduction pathways. It has been reported that Ang II and relaxin 2 can serve an important role in increasing the aggressiveness of prostate tumors by upregulating BIRC5 expression and gelatinase A and B secretion. In addition, previous results of the authors suggest that both peptide hormones are implicated in the transition from the androgen-dependent to the androgen-independent phenotype in prostate cancer by modulation of the expression of androgen receptors (AR) (5, 6) .
The present study demonstrates that Ang II and relaxin 2 alter the mRNA expression of NF-κB family members in normal and cancer prostate cell lines. The NF-κB family consists of transcription factors [nuclear factor-κB subunit 1 (NF-κB1) and nuclear factor-κB subunit 2 (NF-κB2), REL proto-oncogene nuclear factor-κB subunit (REL), RELA nuclear factor-κB subunit (RelA), RELB proto-oncogene nuclear factor-κB subunit (RelB)] that serve critical roles in cell proliferation and differentiation, regulation of survival and apoptosis. However, the biological significance of NF-κB activation in carcinoma tissues remains unclear. Several researchers have reported constitutive activation of NF-κB in tumors such as ovarian cancer, breast cancer, pancreatic cancer and prostate cancer. Over-expression of NF-κB in the nucleus of prostate cancer cells is associated with chemoresistance, more aggressive cancer phenotypes and metastatic spread. In addition, studies have indicated that activation of NF-κB signaling promotes castrate-resistant growth of prostate tumors (7) (8) (9) (10) . These studies are a continuation of earlier research (5,6) intended to elucidate the mechanisms of tumorigenesis and prostate cancer progression associated with RAS and RFPS.
Materials and methods

Reagents.
Ang II (H-1705) and relaxin 2 (H-6784) were obtained from Bachem (Bubendorf, Switzerland). The octapeptide Ang II is a major biologically active component of the RAS. Relaxin 2, the 6-kDa heterodimeric polypeptide hormone, is a member of the RFPS. The pleiotropic effects of both peptides are determined by the signaling pathway profile activated in target cells. For all experiments, peptides were used at a final concentration of 10 -8 M. This concentration was selected on the basis of earlier research work (5,6). Unless otherwise specified, the medium and other culture supplements were purchased from Gibco; Thermo Fisher Scientific, Inc. (Waltham, MA, USA).
Cell lines and culture conditions. Prostate cancer cell lines (LNCaP, DU-145, PC3) were obtained from the American Type Culture Collection (Manassas, VA, USA), while immortalized, normal prostate epithelial PNT1A cells were obtained from the European Collection of Authenticated Cell Cultures (Salisbury, UK). All 4 stable cell lines were authenticated by short-tandem repeat DNA profiling by the LGC Standards Cell Line Authentication Service (Koeln, Germany).
The LNCaP cells, identified in a relatively slow growing and weakly tumorigenic prostate cancer, were isolated from a supraclavicular lymph node metastasis. The PC3 cells were characterized by low diversity and high invasiveness (stage IV) and were established from bone metastases. The androgen-independent DU-145 cells were derived from brain metastases, and represent an intermediate model between the LNCaP and PC3 cells (11) . The PNT1A cells were established by immortalization of normal adult prostatic epithelial cells by transfection with a plasmid containing the SV40 genome with a defective replication origin. This stable cell line represents a good model to study of initial steps leading to transformation of the prostate gland (12) . The cells were grown in a classical two-dimensional (2D) cell culture system using plates or flasks and Advanced RPMI-1640 medium supplemented with 5% FBS, 2 mM L-glutamine, 1 mM sodium pyruvate and antibiotics. The incubator was maintained at an optimal temperature (37˚C), humidity (95%) and other conditions, such as the carbon dioxide (5% CO 2 ) of the atmosphere inside needed to grow human cells. Cells were harvested with 0.25% trypsin/EDTA. The cells were passaged at least twice after thawing from liquid nitrogen. Further experiments used cells with a passage number between 15 and 35.
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR). The prostate cells were exposed to Ang II, relaxin 2 or a combination of both for 48 h. Total RNA was extracted from the cells using TRIzol reagent (Thermo Fisher Scientific, Inc.) and purified with the standard phenol: chloroform method. The concentration of recovered RNA and its purity was determined by BioDrop µLITE: A UV/Vis spectrophotometer designed for micro-volume measurements (Isogen Life Science B.V., Utrecht, Netherlands). mRNA expression was evaluated by RT-qPCR, using a LightCycler 480 real-time PCR system (Roche Diagnostics, Basel, Switzerland) and EvaGreen PCR master mix (IMMUNIQ, Zory, Poland). Reverse transcriptase synthesis of cDNA was performed on a 10 µg total mass of RNA in a final volume of 50 µl using an oligo(dT) 15 Primer Random Hexamer primer and ImProm-II ™ Reverse Transcription System (Promega Corporation, Madison, WI, USA), as described previously (13) . Amplification reactions were performed in a final volume of 20 µl, containing 2 µl cDNA. Detection temperature was above non-specific/ primer-dimer melting temperature. Primer sequences were designed using PrimerQuest Tool (www.idtdna.com/primerquest/home/index) or Primer3 Input (http://bioinfo.ut.ee/ primer3-0.4.0/) and checked for specificity using BLAST (https://blast.ncbi.nlm.nih.gov/). All primers were designed to be intron-spanning to avoid amplifying genomic DNA. Detection temperature was above unspecific/primer-dimer melting temperature. Sequences of primers, annealing and detection temperatures are presented in Table I . H3F3A and RPLPO were included as housekeeping gene controls to correct for identical amount of cDNA in all qPCR reactions. The Universal Human Reference RNA (Stratagene; Agilent Technologies, Inc., Santa Clara, CA, USA), composed of total RNA from 10 human cell lines, was used as a calibrator. The primers and reaction conditions are presented in Table I . All the reactions were run in duplicate, including no-template controls. The relative gene expression level was calculated according to the Roche algorithm (14) .
Statistical analysis.
The results are presented as mean ± standard error of the mean of at least three independent samples. The measurements were analyzed using one-way analysis of variance with Dunnett's multiple comparison test. P<0.05 was considered to indicate a statistically significant difference. 05; Fig. 3C ). In addition, RELB was expressed at a high level in PNT1A cells (2.88±0.35; Fig. 3D ) and was observed to be up regulated by both investigated hormones (all P<0.05; Fig. 3D ). RELB expression was more than three times higher for Ang II and four times higher for relaxin 2. The expression of NFKB1 (0.69±0.15; Fig. 3A) and REL (1.40±0.08; Fig. 3E ) was comparable to the LNCaP cells but lower than in DU-145 and PC3 cell lines. Only relaxin 2 was demonstrated to influence the expression of both REL and NFKB1 in PNT1A, with the expression of NFKB1 being increased two-fold following incubation with relaxin 2, when compared with the control (P<0.05; Fig. 3A) . Expression of REL increased 2.5 times, when compared with the control (P<0.05; Fig. 3E ). NFKB2 expression was observed in the normal prostate cell line (8.83±2.28; Fig. 3B) , but the mRNA level remained constant regardless of treatment (P>0.05; Fig. 3B ).
Results
Influence of Ang II and relaxin 2 on mRNA expression of members of the NF-kB transcription factor gene family in pros-
Discussion
Members of the NF-κB family are important regulators of the signal transduction pathway, and the serve essential roles in a variety of physiological and pathological processes. NF-κB activation is known to be associated with inflammation-associated tumor promotion, progression and metastasis in prostate cancer (7) (8) (9) (10) . The present study compares the changes in NFKB1, NFKB2, RELA, RELB and REL gene expression following exposure to Ang II and relaxin 2 in prostate non-cancerous epithelial (PNT1A), androgen-dependent (LNCaP) and androgen-independent (DU-145, PC3) prostate cancer cell lines. As these cell lines represent various steps of prostate tumor development from disease promotion and early-stage cancer to hormone-refractory disease, their aggressiveness and hormonal status are different (10,11). H3F3A, H3 histone, family 3A; RPLPO, Ribosomal phosphoprotein; NFKB1, nuclear factor-κB subunit 1; NFKB2, nuclear factor-κB subunit 2; REL, REL proto-oncogene nuclear factor-κB subunit; RELA, RELA proto-oncogene nuclear factor-κB subunit; RELB, RELB proto-oncogene nuclear factor-κB subunit; AR, androgen receptor.
Androgen-independent cell lines, such as DU-145 or PC-3, constitutively express high levels of NF-kB, while androgen-dependent cell lines, for example LNCaP and normal human prostate epithelial cells, demonstrate only low NF-kB gene activation (9, 15) . These results are in line with those obtained in the authors studies for NFKB1 and NFKB2. RT-qPCR indicated that the relative expression of both NFKB genes was the highest for PC3 cells and the lowest for LNCaP cells. Similarly, Suh et al (16) noted that only prostate cell lines with low NF-kB activity express endogenous AR, and suggest that the AR and NF-κB are inversely related; the loss of AR is accompanied by an increase in NF-κB activity. It seems that constitutive activation of NF-kB may contribute to compensatory cellular changes allowing cell survival and growth in the absence of AR activation (16) . Earlier findings of the authors indicate that AR levels are >30 times higher in LNCaP cells than in PC3 cells (6). Alimirah et al (17) report that AR mRNA levels were ~50% lower in DU-145 cells than in LNCaP cells, and that AR expression is much lower in PC3 cells than in both DU-145 and LNCaP cells (17) .
No differences in NFKB1 level were observed between the androgen-independent cell lines, regardless of AR expression. However, a significantly higher level of NFKB2 gene expression was observed in the PC3 cell line than in the less aggressive DU-145. A similar situation was found in PNT1A cells; the prostatic epithelial cell line and the LNCaP cells demonstrated comparable NFKB1 expression, and Bidaux et al (18) report that AR expression is far lower in PNT1A than LNCaP. In this case, NFKB2 mRNA expression was also higher in the non-cancerous than the LNCaP cell line. Therefore, the authors Figure 1 . The changes in mRNA expression of (A) NFKB1, (B) NFKB2, (C) RELA, (D) RELB and (E) REL genes in the androgen-dependent prostate cancer cell line LNCaP following exposure to peptide hormones (Ang II, RLN2, Ang II + RLN2). Relative gene expression was calculated based on the Roche guidebook according to a previously published algorithm. H3F3A and RPLPO were used as endogenous controls and Universal Human Reference RNA was used as a calibrator. Data are presented as the mean ± standard error of the mean (n≥3). * P<0.05 vs. control. NFKB1, nuclear factor-κB subunit 1; NFKB2, nuclear factor-κB subunit 2; REL, REL proto-oncogene nuclear factor-κB subunit; RELA, RELA proto-oncogene nuclear factor-κB subunit; RELB, RELB proto-oncogene nuclear factor-κB subunit; Ang II, angiotensin II; RLN2, relaxin 2. Figure 2 . The changes in mRNA expression of (A) NFKB1, (B) NFKB2, (C) RELA, (D) RELB and (E) REL genes in androgen-independent prostate cancer cell lines DU-145 and PC3 following exposure to peptide hormones (Ang II, RLN2, Ang II + RLN2). Relative gene expression was calculated based on the Roche guidebook according to a previously published algorithm. H3F3A and RPLPO were used as endogenous controls and Universal Human Reference RNA was used as a calibrator. Data are presented as the mean ± standard error of the mean (n≥3). * P<0.05 vs. control. NFKB1, nuclear factor-κB subunit 1; NFKB2, nuclear factor-κB subunit 2; REL, REL proto-oncogene nuclear factor-κB subunit; RELA, RELA proto-oncogene nuclear factor-κB subunit; RELB, RELB proto-oncogene nuclear factor-κB subunit; Ang II, angiotensin II; RLN2, relaxin 2.
speculate that the level of NFKB2 mRNA, but not NFKB1, in prostate cells may be closely linked to AR expression.
The NFKB1 gene maps on chromosome 4q24 and encodes protein p105/p50, while the NFKB2 gene maps on chromosome 10q24 and encodes protein p100/p52. Both proteins may promote cell survival through the induction of target genes, whose products directly or indirectly regulate the apoptotic machinery in normal and cancerous cells (10) . The noncanonical NF-κB signaling pathway mediates the activation of p52/RelB, whereas the canonical pathway mediates the activation of p50/p65. Previous work has indicated that several interconnections between classic and alternative NF-κB pathways exist and these may be essential in various biological processes (19) . Earlier studies of the authors note that the RAS and RFPS influence the growth, division and spread of prostate cancer cells to some degree via overlapping signal transduction pathways (6) . It is possible that members of the NF-κB transcription factor gene family could serve an important role in this case. The current findings indicated that Ang II and relaxin 2 may modulate the mRNA expression of nuclear factor κB genes in prostate cells.
One of our most interesting observations is that Ang II and relaxin 2 significantly decrease the expression of NFKB1 mRNA in all cancer cell lines, yet they increase it in normal epithelial cells. However, in PNT1A cells, the results were statistically significant only for relaxin 2. In addition, relaxin 2 radically increased the levels of androgen receptors in this cell line, reaching levels more than five times above baseline (data not shown). A dual increase of AR and NFKB1 expression may be required to promote prostate carcinogenesis. The expression of NFKB2 in normal epithelial prostate cells is not altered by peptide hormones.
The mechanism underlying the downregulation of NFKB1 expression by both peptide hormones in prostate cancer cells is not an obvious one, and further research is needed to clarify it. Setlur et al (20) demonstrated that the expression of NFKB1 is upregulated in localized prostate cancer and hormone-naïve metastasis, but downregulated in hormone-refractory Figure 3 . The changes in mRNA expression of (A) NFKB1, (B) NFKB2, (C) RELA, (D) RELB and (E) REL genes in non-cancerous prostate epithelial cells (PNT1A) following exposure to peptide hormones (Ang II, RLN2, Ang II + RLN2). Relative gene expression was calculated based on the Roche guidebook according to a previously published algorithm. H3F3A and RPLPO were used as endogenous controls and Universal Human Reference RNA was used as a calibrator. Data are presented as the mean ± standard error of the mean (n ≥3). * P<0.05 vs. control. NFKB1, nuclear factor-κB subunit 1; NFKB2, nuclear factor-κB subunit 2; REL, REL proto-oncogene nuclear factor-κB subunit; RELA, RELA proto-oncogene nuclear factor-κB subunit; RELB, RELB proto-oncogene nuclear factor-κB subunit; Ang II, angiotensin II; RLN2, relaxin 2.
metastasis. In contrast, metastatic samples demonstrated greater nuclear localization of NFKB1, which may be mediated by low levels of the NF-κB inhibitor, IκBα (20) . Nevertheless, all findings suggested that NFKB1 expression is important for the early development of prostate cancers and for advanced disease. Differences in NF-κB activity between androgen-sensitive and androgen-independent prostate cancer cell lines may contribute to androgen autonomy (21) .
The RELB gene maps on chromosome 19q13.32 and encodes protein p66, which regulates the migration and invasion abilities of cancer cells. High constitutive nuclear levels of RelB have been observed in human prostate cancer specimens with high Gleason scores (19, 22) . Furthermore, increased levels of RelB enhanced prostate cancer cell survival rate after treatments and contributes to the resistance of PCa cells to radiation (19) .
Josson et al (23) identified that RelB nuclear localization is significantly higher in the aggressive PC-3 prostate cancer cell line than in the less aggressive LNCaP cell line. In the present study, the expression of RELB mRNA in prostate cancer cells was the highest for PC3, indirect for DU-145 and the lowest for LNCaP. Surprisingly, the levels of RELB mRNA were higher in the non-tumorigenic PNT1A cell line than in the poorly tumorigenic androgen-dependent prostate cancer cell line. Hatano et al (24) report that the levels of RelB were higher in normal prostate epithelial cells (PNT2) than in LNCaP cells when cells or cytoplasmic extracts were used. However, when nucleus extract was used, RelA and RelB expression was much higher in prostate cancer cells, PC3, DU-145 and LNCaP than in normal prostate epithelial cells (PNT2) (24) .
Xu et al (19) observed that LNCaP cell tumorigenicity was enhanced following RelB overexpression, while PC-3 cell tumorigenicity was attenuated by RelB knockdown. Wang et al (25) indicated that RelB knockdown significantly suppresses the migration and invasion of DU-145 prostate cancer cells. The authors' previous findings confirm that both peptide hormones can promote the invasion and spread of human prostate cells via up-regulation of MMPs (5, 6) . In addition, NF-κB can stimulate aggressiveness by regulating the expression of various matrix metalloproteinases, especially MMP-2 and MMP-9 (7, 8) . Unexpectedly, Ang II and relaxin 2 significantly enhanced mRNA expression of RELB only in normal epithelial cells. Therefore, it appears that both peptide hormones can contribute to the initiation of prostate cancer by the NF-κB alternative pathway. It is worth noting that the level of RELB mRNA expression may not reflect the nuclear levels of RelB. Further studies are required in order to conclude a causal association between RelB and cancer progression following Ang II or relaxin 2 induction.
The RELA gene maps on chromosome 11q13 and encodes the protein p65, which regulates the transcription of a wide variety of genes involved in cell survival, invasion and metastasis (26) . Nuclear expression of RelA is specific to prostate cancers and related to a poor outcome for prostate cancer patients, however the RELA gene is not associated with the Gleason score (26, 27) . The level of RELA mRNA presented no relation to the aggressiveness of the tested prostate cancer cells.
Interestingly, Palvimo et al (28) note that elevated expression of RelA repressed AR-mediated transactivation in a dose-dependent manner. Co-immunoprecipitation and protein-protein interaction assays did not detect any specific association between AR and RelA. However, it was demonstrated that repression by RelA could not be overcome by the addition of excess AR. These results suggested that the two proteins competed for the coactivator(s) present in limiting amounts in the cell, or that RelA induces the expression of an unknown repressor of AR (28). Nelius et al (29) report that AR (+) PC-3 cells became less tumorigenic on an ambient testosterone background than AR (-) PC-3. AR expression was identified to lower the mRNA and protein levels of RelA, and reduce the activity and nuclear localization of p65. Previous studies of the authors indicate a decrease in AR expression in PC3 cells treated with the peptide hormones, but the results were insignificant. The present findings indicated that, while both peptide hormones increase mRNA expression of RELA in the androgen-independent prostate cancer cell line PC3, these relationships were not observed for the non-cancerous prostate epithelial cell line. Neither Ang II nor relaxin 2 altered the level of RELA inPNT1A, regardless of any significant reduction in AR expression.
The REL gene maps on chromosome 12p12 and encodes protein p75, which is associated with the malignant progression of solid tumors such as breast cancer, gastric and pancreatic cancer (30) (31) (32) . For example, breast tumors present increased expression of mRNA for c-Rel, as well as for other NF-kB family members, compared to non-tumorigenic adjacent tissue (32) . In the present study, Ang II was indicated to increase the expression of REL gene mRNA in prostate cancer cells, with the exception of the most aggressive line (PC3), whereas relaxin 2 only influenced normal prostate epithelial cells. Interestingly, Mukhopadhyay et al (33) report that c-Rel, similar to AR, is a component of the nucleoprotein complex regulating the androgen-responsive prostate-specific antigen (PSA) promoter. Moreover, an analysis of the AR and c-Rel protein levels demonstrated that promoter downregulation was not attributable to mutual decreases in the quantity of AR or c-Rel. It is worth remembering that DU-145 and PC-3 do not express PSA.
Based on some of the authors' earlier works and other recent studies, we postulate that both Ang II and relaxin 2 have an impact on the proliferation or invasion of prostate cells via canonical and non-canonical NF-kB pathways. The present results indicated significant differences between the regulation of the expression of NFKB1, NFKB2, RELA, RELB and REL mRNA in non-cancerous epithelial, androgen-dependent and androgen-independent prostate cancer cells by both peptide hormones. Undoubtedly, further studies are required in order to examine the interaction between the members of the NF-κB transcription factor gene family and AR. Nevertheless, it seems that the RAS and RFPS can serve an important role in the regulation of both.
